C ryptosporidium parvum, an intracellular parasite within the protist phylum Apicomplexa, is one of the most commonly reported enteric pathogens in both immunocompetent and immunocompromised individuals worldwide (1) . The parasite infects gastrointestinal epithelia to produce diarrhea that is self-limited in immunocompetent subjects but potentially lifethreatening in immunocompromised individuals, primarily those with AIDS (2) . Infection by this parasite accounts for ϳ6% of all diarrheal disease in immunocompetent individuals and occurs in ϳ24% of AIDS patients with diarrhea worldwide (3) . C. parvum is also the single most common identifiable pathogen in the biliary tract in patients with AIDS-cholangiopathy, an important biliary disorder caused by opportunistic infection of the biliary epithelium and resulting in significant morbidity and mortality in AIDS patients (4) . Despite the magnitude and severity of C. parvum-induced infection, the pathogenesis is poorly understood, and there is currently no fully effective therapy (5) (6) (7) .
The proportion of exposed individuals developing cryptosporidiosis reflects both parasite infectivity and host immune responses. Whereas both innate and adaptive immunity are involved in the resolution of cryptosporidiosis and resistance to infection (8) , the mechanisms by which host epithelial cells elicit immune responses are not well understood. Specific attachment to the apical epithelial cell surface by C. parvum sporozoites, as well as parasite molecules inserted into epithelia after its attachment (9, 10) , appear to activate host-cell secondary signal pathways and thereby alter cell function (10 -12) . The invasion of epithelial cells in vitro by C. parvum results in the rapid expression of anti-microbial peptides (e.g., ␤-defensins) and the inflammatory chemokines including IL-8, TNF-␣, and prostaglandin E 2 , etc. (12) (13) (14) . We previously reported that one intracellular signal pathway activated by C. parvum and associated with the cytokine/chemokine release in infected biliary epithelial cells (i.e., cholangiocytes) is the NF-B signal pathway (12) . Moreover, we showed that activation of NF-B accounts for the antiapoptotic activation in C. parvum directly infected cholangiocytes and thus benefits parasite propagation (12) . How C. parvum activates such host-cell intracellular signaling pathways such as NF-B and mediates host-cell inflammatory and immune responses is still unclear.
TLRs are an evolutionarily conserved family of cell surface molecules, which are key to innate immunity by detecting invading pathogens (15) . Most of the known TLRs, upon recognition of discrete pathogen-associated molecular patterns, activate a common set of adaptor proteins, such as myeloid differentiation protein 88 (MyD88), and protein kinases including IL-1 receptor-associated kinase (IRAK). 3 IRAK, in turn, activates downstream effectors including p-38, ERK1/2, JNK, and IB kinases (16) . Activation of the kinases leads to the nuclear translocation of corresponding nuclear transcription factors, such as AP-1 and NF-B, and thus regulates host-cell responses to pathogens (15, 16) . One important host epithelial defense response upon microbial infection is the production of a variety of small cationic antimicrobial peptides including ␤-defensins (17) . Six human ␤-defensins (HBDs) have been identified and cloned in human epithelial cells. HBD-2 and -4 are identical and HBD-5 and -6 are primarily expressed in the epididymis (17, 18) . The induction of HBD-2 transcription by IL-1 is dependent on a specific NF-B binding site (Ϫ205 to Ϫ186) and its interaction with p-65-p50 NF-B heterodimer (17, 19, 20) . Whereas regulation of HBD expression has been well documented in epithelial cells upon microbial infection (17, (21) (22) , the role of TLRs in this process has not been fully explored. Moreover, expression and functions of TLRs in the liver, particularly in cholangiocytes, which are the target epithelial cells of a group of clinically important diseases, some of which are of infectious nature, have not been characterized.
In the present study, we explored the role of TLR signals in cholangiocyte responses to C. parvum infection. We found that normal human cholangiocytes express all known TLRs. Whereas C. parvum attachment to and invasion of cultured cholangiocytes appear not to be dependent on host-cell TLRs, C. parvum infection of cholangiocytes induces the recruitment of TLR2 and TLR4 to the infection sites, resulting in activation of IRAK and phosphorylation of p-38. Moreover, activation of NF-B by C. parvum in directly infected cells is dependent on both TLR2 and TLR4 signals. In addition, a TLR2-and TLR4-dependent and NF-B-associated induction of HBD-2, but not HBD-1 and HBD-3, occurs in cells infected with C. parvum, whereas MyD88-deficient cells are more susceptible to C. parvum infection in vitro. These findings demonstrate that cholangiocytes express a variety of TLRs, and TLR2 and TLR4 signals mediate cholangiocyte responses to C. parvum via activation of NF-B, implicating an important role of TLRs in cholangiocyte defense responses to microbial infection in the biliary tree.
Materials and Methods

C. parvum and H69 cells
C. parvum oocysts of the Iowa strain were purchased from a commercial source (Bunch Grass Farms). Before infecting cells, oocysts were excysted to release infective sporozoites as described previously (23) . H69 cells (a gift from Dr. D. Jefferson, Tufts University, Boston, MA) are SV40-transformed human bile duct epithelial cells originally derived from a normal liver harvested for transplant and have been extensively characterized (24) . For experiments, H69 cells were used between passage 23 and 30 and maintained for three passages without coculture cells to ensure that the culture was free of 3T3 fibroblasts.
In vitro models and infection assay
Infection with C. parvum was done in a culture medium consisting of DMEM-F12, 100 U/ml penicillin, and 100 g/ml streptomycin (Invitrogen Life Technologies), and freshly excysted C. parvum sporozoites (1 ϫ 10 6 sporozoites/per slide well or culture plate). Inactivated organisms (treated at 65°C for 30 min) were used for sham infection controls. An attachment model and an attachment/invasion model were used to assay the attachment and invasion of C. parvum as described previously (23) . Infection assays (attachment rate or attachment/invasion rate) were conducted after incubation for 2 h with the parasite using an indirect immunofluorescent technique as described previously (23) . For the inhibitory experiments, two selective inhibitors of NF-B, MG-132 and SN50 (25) , were added in the medium at the same time as C. parvum. A concentration of 1 M MG-132 or 50 g/ml SN50, which showed no cytotoxic effects on H69 cells or on C. parvum sporozoites, was selected for the study. For the experiments to test whether TLRs and TLR-associated signals are involved in cholangiocyte defense responses against C. parvum infection, cells in T25 flasks were incubated with an equal number of C. parvum sporozoites (5 ϫ 10 6 ) for 2 h, washed with culture medium to remove nonattached and noninternalized parasites, and were then further cultured for up to 96 h, followed by PCR analysis for C. parvum.
RT-PCR
Total cellular RNA was extracted from the cells using Tri-Reagent (SigmaAldrich). Total RNA (5 g) was reverse transcribed to cDNA by using a Moloney Murine Leukemia Virus Reverse Transcriptase Kit (Invitrogen Life Technologies). After reverse transcription, cDNA was amplified using PCR with gene-specific primers designed to amplify a portion of the coding sequences (Table I ). The PCR consisted of one cycle of 10-min denaturation at 94°C; 18 -35 cycles of 1 min at 94°C, 1 min at 48 -55°C, and 1 min at 72°C, and a final extension step at 72°C for 10 min. rRNA (18s) was also amplified to confirm that an equal amount of total cDNA was used for each sample, and all experiments were done in duplicate. Template cDNA prepared from TIB-202, a normal human monocyte cell line that expresses all known TLRs except TLR3 (15, 26) , was used as positive control for TLR mRNA detection in H69 cells. Sequencing was performed on all positive PCR products (Mayo Molecular Core Facility, Rochester, MN) to confirm the identity of amplified genes. To quantitatively measure C. parvum infection in H69 cells, a quantitative RT-PCR approach using a LightCycler (Roche Diagnostic Systems) was established by modification of a previous report (27) . Briefly, total RNA was harvested from the cells after exposure to C. parvum and reverse transcribed to cDNA and amplified using Amplitag Gold PCR Master Mix (Roche Diagnostic Systems). Primers specific for C. parvum 18s ribosomal RNA (Table I) were used to amplify the cDNA specific to the parasite. Primers specific for human plus C. parvum 
18s (28) were used to determine total 18s cDNA. Data were expressed as copies of C. parvum 18s vs total 18s. Specific siRNAs to TLR2, TLR4, and MyD88, which target human TLR2, TLR4, and MyD88 mRNA sequences were designed. For siRNA transfection, H69 cells were grown to 40 -60% confluency on 10-mm dishes and were transfected with the siRNAs using the siPORT lipid transfection agent (Ambion). siRNAs that showed the most inhibition of TLR2, TLR4, or MyD88 protein expression were selected with approaches we previously reported (28) and used in this study as follows: TLR2, AATAT TCGTGTGCTGGATAAGCCTGTCTC (sense) and AACTTATCCAGC ACACGAATACCTGTCTC (antisense); TLR4, AACTGCTGCTTCAAG ATATACCCTGTCTC (sense) and AAGTATATCTTGAAGCAGCAGC CTGTCTC (antisense); and MyD88, AACTGCTGCTTCAAGATATA CCCTGTCTC (sense) and AAGTATATCTTGAAGCAGCAGCCTGTC TC (antisense). These siRNA oligonucleotides were determined to have no significant overlap with homologous gene sequences. Nonspecific siRNAs containing the same nucleotides but in irregular sequence (i.e., scrambled siRNAs) were used as the controls. The siRNAs were further labeled with Cy3 using the Silencer siRNA labeling kit (Ambion) for the identification of transfected cells by confocal microscopy.
Immunohistochemistry and immunofluorescent microscopy
For immunohistochemistry, paraffin-embedded normal human liver tissue samples (Institutional Review Board no. 725-00) were used for TLRs immunohistochemistry. Tissue sections of 5 m were deparaffinized in xylene and rehydrated in ethanol followed by water and PBS. Endogenous peroxidase was blocked by immersion in 3% hydrogen peroxide. The tissue sections were then incubated with TLR Abs at a concentration of 5 g/ml for 1 h at room temperature. Seven TLR Abs currently available and specific for TLR2-9 were obtained and used in the study (Imgenex). Control sections were incubated with PBS containing normal goat serum without a primary Ab. Immunostaining was then detected with the Vectastain peroxidase kit (Vector Laboratories) and developed with diaminobenzidine tetrahydrochloride. The sections were counterstained with hematoxylin followed by light microscopy.
For immunofluorescent microscopy, H69 cells were exposed to C. parvum sporozoites as described above. After 2 h of incubation, cells were fixed (0.1 mol/L 1,4-piperazinediethanesulfonic acid (pH 6.95), 1 mmol/L EGTA, 3 mmol/L magnesium sulfate (Sigma-Aldrich), and 2% paraformaldehyde) at 37°C for 20 min and then permeabilized with 0.2% (v/v) Triton X-100 in PBS. For double-immunofluorescent labeling, fixed cells were incubated with primary mAbs to associated proteins mixed with a polyclonal Ab against C. parvum sporozoite membrane proteins followed by rhodamine-labeled anti-mouse and fluorescein-labeled anti-rabbit Abs (Molecular Probes). Some cells were incubated with polyclonal Abs to associated proteins mixed with a mAb against C. parvum (2H2; ImmunuCell) followed by rhodamine-labeled anti-rabbit and fluorescein-labeled anti-mouse Abs. In some experiments, 4Ј,6-diamidino-2-phenylindole (DAPI; 5 M) was used to stain cell nuclei. Labeled cells were rinsed three times with PBS and once with distilled water, then mounted with mounting medium (H-1000; Vector Laboratories), and assessed by confocal laser scanning microscopy. Images obtained from the Zeiss 510 confocal microscope (Zeiss) were manipulated uniformly for contrast and intensity using the Adobe (Adobe Systems) Photoshop software.
Immunoprecipitation and activity of IRAK
H69 cells were grown in 10-cm dishes to 95% confluence and exposed to C. parvum sporozoites at 37°C for 2 h. Cells were then rinsed with PBS and scraped into 1 ml of cold lysis buffer (50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholic acid, and 0.1% SDS) supplemented with 1 mM PMSF, leupeptin and pepstatin at 20 g/ml, and tyrosine phosphatase inhibitors, sodium orthovanadate and sodium fluoride at 1 mM. The cell lysates were centrifuged at 13,000 ϫ g for 10 min and were assayed for protein concentration using the Bradford reagent (SigmaAldrich). The cell lysates (1 mg of protein) were then incubated with 1 g of anti-IRAK (Upstate Biotechnology) for 2 h at 4°C. Fifty microliters of 10% protein A-Sepharose (Sigma-Aldrich) was then added and incubated for an additional 2 h at 4°C. The beads were then washed once with lysis buffer and twice with kinase buffer (10 mM HEPES (pH 7.6), 20 mM MgCl 2 , 20 mM ␤-glycerophosphate, 20 mM p-nitrophenyl phosphate, 1 mM EDTA, and 1 mM benzamidine). The beads were incubated for 30 min at 30°C in a final volume of 20 l in the presence of 2 g of myelin basic protein (MBP) (Sigma-Aldrich), 100 M ATP, and 5 Ci of [␥-
32 P]ATP (DuPont NEN Research Products). SDS sample buffer was added to protein A beads and boiled for 5 min, and then subjected to SDS-PAGE analysis. The gels were dried, and the intensity of the radioactive signal was quantified using the Molecular Analyst software (Bio-Rad).
Western blotting
H69 cells were grown in T25 flasks to 95% confluence and exposed to C. parvum sporozoites. Cells were then lysed with the M-PER mammalian protein extraction reagent (Pierce), and protein concentrations were determined using Bradford reagent according to the instructions of the supplier (Sigma-Aldrich). Twenty micrograms of lysate protein per lane were separated by SDS-PAGE under reducing conditions and blotted onto nitrocellulose membranes. Membranes were incubated with the primary Abs to TLR2 and TLR4 (Imgene), MyD88 (Imgene), p-p-38 (Cell Signaling Technology), p-ERK1/2 (Santa Cruz Biotechnology), p-JNK (Santa Cruz Biotechnology), IB␣ (Santa Cruz Biotechnology), and HBD-2 (Alpha Diagnostic), and then with 0.2 g/ml HRP-conjugated secondary Ab, and revealed with ECL light substrate (ECL; Amersham Biosciences).
ELISA
To analyze the production of NF-B-associated proinflammatory cytokines by H69 cells in response to C. parvum infection, H69 cells were grown to subconfluence in 4-well chamber slides. After incubation with assay medium containing freshly excysted sporozoites and various specific inhibitors at 37°C for 12 h, supernatants were collected to assay the cytokines, and cells were harvested for protein determination. IL-8 concentration in the supernatants was determined by ELISA using a commercial kit (R&D Systems). Cells were lysed with the M-PER mammalian protein extraction reagent (Pierce), and protein concentrations were assessed with Bradford reagent (Sigma-Aldrich). The concentrations of IL-8 detected were calculated from standard curves prepared with the recombinant proteins and expressed as picogram of IL-8 per microgram cell protein.
Statistical analysis
All values are given as mean ϩ SE. Means of groups were compared with the Student's t test (unpaired) or ANOVA test when appropriate. p values Ͻ0.05 were considered statistically significant.
Results
Normal human cholangiocytes express multiple TLRs and accessory molecules
mRNA expression of TLRs and accessory molecules MD-2 and MyD88 was assessed by RT-PCR in a SV40-transformed normal human cholangiocyte cell line, H69. TIB-202 cells, a human monocyte cell line that expresses all known TLRs except TLR3 (15, 26) , was used as the positive control. TLR1-10 mRNA was detected in H69 cells (Fig. 1, A and B) . Consistent with previous reports, mRNA of all known TLRs except TLR3 was confirmed in TIB-202 cells (Fig. 1, A and B) . Both MD-2 and MyD88 mRNA were also detected in H69 cells (Fig. 1B) . Specificity of the PCR products was confirmed by sequencing. Expression of selected TLRs (i.e., TLR2 and TLR4) and MyD88 protein in H69 cells was also detected by Western blotting (Fig. 1C) .
To further test expression of TLRs at the protein level in human cholangiocytes, we assessed TLR protein expression in cholangiocytes in normal human liver tissues with Abs currently available to TLR2-9 by immunohistochemistry. Although the negative controls, stained with normal goat serum and the secondary Ab, showed no specific staining in cholangiocytes ( Fig. 2A) , strong expression of TLR2-9 proteins was detected in cholangiocytes along the biliary duct (Fig. 2, B-I) . Expression was found predominately in the apical membrane domain (the luminal domain) (arrowheads in Fig. 2, B-I ).
C. parvum recruits cholangiocyte TLR2 and TLR4, but not other TLRs, to the attachment sites in vitro
Previous studies by us and others (9, 10, 29, 30 ) demonstrated that C. parvum recruits a variety of host-cell receptors and exchangers to the infection sites facilitating host-cell invasion by the parasite. To test whether C. parvum induces membrane translocation of TLRs in host-cells, accumulation of TLRs at the infection sites was measured by dual immunofluorescent labeling using Abs to TLR2-9 and C. parvum. Strong accumulation of TLR2 (in red, arrowhead in Fig. 3A2 ) and TLR4 (in red, arrowhead in Fig. 3B2 ) was observed at the infection site of C. parvum (in green, arrowheads in Fig. 3, A1 and B1) . No obvious accumulation of TLR5 (Fig. 3, C1-C3) , TLR9 (Fig. 3, D1-D3) , and other analyzed TLRs (data not shown) was found at C. parvum infection sites. No membrane accumulation of TLR2-9 was found in the sham-infected cells, and no positive staining was observed in the parasite itself with the procedure used in the experiments (data not shown). To test whether TLR2 and TLR4 activity is required for their accumulation at the infection site, we stably transfected cells with DN mutants of TLR2 and TLR4 and then exposed to C. parvum. Functional inhibition by transfection of DNs was evidenced by the inhibition of activation of downstream effectors as described below. A similar accumulation of TLR2 and TLR4 was detected in cells transfected with TLR2-DN and TLR4-DN, respectively. Quantitative analysis of TLR accumulation is shown in Fig. 3E .
C. parvum infection of cholangiocytes in vitro is not TLR2-and TLR4-dependent
To determine whether TLR2 and TLR4 and their signal pathways are involved in the infection process of C. parvum into host epithelial cells, C. parvum attachment to and invasion of cells with functional inhibition of TLR2, TLR4, and MyD88 was assessed. When cholangiocytes were prefixed and then exposed to C. parvum sporozoites (a model in which the organism can attach to but not invade the fixed cell surface), no significant change in attachment rate was found among nontransfected cells and cells transfected with TLR2-DN, TLR4-DN, or MyD88-DN (Fig. 4A) . When unfixed cholangiocytes were exposed to C. parvum sporozoites (a model in which the organism can both attach to and enter host cells), no significant change in attachment/invasion rate was found between nontransfected and transfected cells (Fig. 4B) ; these results suggest that C. parvum sporozoite attachment to and invasion of cholangiocytes is not dependent upon host-cell TLR2 and TLR4 and their signaling pathways.
Activation of downstream effectors of TLR2 and TLR4 signal pathways
To determine whether TLR signal pathways are activated during C. parvum infection of cholangiocytes, we measured the activation of various components of downstream effectors of TLRs. A significant increase of IRAK activity, an immediate downstream effector for both TLR2 and TLR4 (16) , was detected in cholangiocytes upon C. parvum infection as seen by phosphorylation of MBP (31) . A significant inhibition of IRAK activity was found in cells transfected with TLR2-DN, TLR4-DN, or MyD88-DN by quantitation of 32 P labeling of the substrate MBP after SDS-PAGE (Fig. 5A) . To further test which downstream effectors of IRAK are activated, cholangiocytes were exposed to C. parvum followed by Western blotting using Abs to the activated phosphorylated forms of various IRAK downstream kinases (16) . A significant increase of phosphorylation of p-38, but not JNK and ERK1/2, was detected by immunoblotting using specific Abs against those phosphorylated kinases (Fig. 5, B and C) . A significant inhibition of p-38 phosphorylation was found in cells transfected with TLR2-DN, TLR4-DN, or MyD88-DN (Fig. 5, B and C) .
Activated IRAK can further activate the NF-B pathway (16) . When cholangiocytes were exposed to C. parvum for 2 h, a significant decrease of IB␣ protein was detected (Fig. 6A ). In contrast, a partial but significant inhibition of IB␣ decrease was found in cells transfected with TLR2-DN or TLR4-DN. A complete blockage of IB␣ decrease upon C. parvum infection was found in MyD88-DN-transfected cells (Fig. 6A) . To further test the nuclear translocation of NF-B in cells upon C. parvum infection, we used an Ab to p-65, a component of the NF-B complex that displays nuclear translocation in directly infected cholangiocytes upon C. parvum infection (12) , to measure NF-B activation in C. parvum-infected cells by confocal immunofluorescent microscopy. Consistent with results of our previous studies, nuclear translocation of p-65 was found in directly infected cells, not in bystander noninfected cells (Fig. 6B) . No nuclear translocation of p-65 was found in both directly infected and bystander noninfected cells in the TLR2-DN-, TLR4-DN-, and MyD88-DN-transfected cells (Fig. 6, C-E ). Whereas scrambled siRNAs had no effect on C. parvum-induced NF-B nuclear translocation (Fig. 6, F and G) , no nuclear translocation of p-65 was found in infected cells transfected with siRNAs to TLR4 (Fig. 6, H and I) , TLR2, and MyD88 (data not shown). In contrast, a control experiment using 100 ng/ml Escherichia coli LPS, a well-known ligand for TLR4, showed nuclear translocation of p-65 in most treated nontransfected and empty vector-transfected cells, but not in TLR4-DNand MyD88-DN-transfected cells (data not shown), confirming the existence of the TLR4/MyD88/NF-B pathway in H69 cells. Equally important, these results exclude LPS contamination in our C. parvum sporozoite preparation because NF-B activation by C. parvum is limited only to directly infected cells, whereas in the control experiment, LPS activated NF-B in virtually all cells. Taken together, the data suggest that various downstream effectors of TLR2 and TLR4 and associated intracellular signals such as NF-B are activated in cholangiocytes upon C. parvum infection.
C. parvum induces expression of IL-8 and HBD-2 in cholangiocytes via TLR2-and TLR4-mediated NF-B activation
To further confirm the role of TLR2 and TLR4 in C. parvuminduced activation of the NF-B pathway, expression and secretion of IL-8, a well-known gene product of NF-B-dependent transcription (32), was assessed in cholangiocytes transfected with DNs of TLR2, TLR4, and MyD88 in response to C. parvum infection. Cells were incubated with C. parvum for 12 h, and expression of IL-8 mRNA was measured by RT-PCR. An increase of IL-8 mRNA expression was detected in H69 cells after exposure to C. parvum. C. parvum-induced IL-8 mRNA expression was significantly reduced in cells transfected with TLR2-DN and TLR4-DN (Fig. 7A ), revealing only a slight increase over the sham-infected control H69 cells, whereas IL-8 mRNA expression in response to C. parvum was completely inhibited in MyD88-DN-transfected cells (Fig. 7A) . Inhibition of NF-B by two selective functional inhibitors, SN50 and MG-132 (25) , also diminished C. parvum-induced IL-8 mRNA expression in cholangiocytes. Consequently, when cells were incubated with C. parvum for 12 h, a significant increase of IL-8 secretion was found in the supernatants from cells incubated with C. parvum as measured by ELISA. A significant decrease of IL-8 release was detected in the supernatants from cells transfected with TLR2-DN, TLR4-DN, and MyD88-DN or cells treated with NF-B inhibitors (Fig. 7B) .
To test the role of TLRs in C. parvum-induced HBD production, expression of HBD-1-3 was measured in cells after exposure to C. parvum for 12 h. A constitutive expression of ⌯〉D-1 and ⌯〉D-3 mRNA was found in the sham-infected, C. parvum-infected nontransfected cells, cells treated with NF-B inhibitors, and cells transfected with TLR2-DN, TLR4-DN, and MyD88-DN (Fig. 8A) . In contrast, a low expression of HBD-2 was found in the shaminfected cells, and a significant increase of HBD-2 mRNA was H69 cells were exposed to C. parvum for 2 h, and IB␣ in the cell lysates was determined by Western blot using an Ab against IB␣. Actin was also blotted to confirm an equal loading. The intensity of the signals was quantified using a PhosphorImager and expressed as densitometric arbitrary values. Data are representative of three distinct experiments. B-F and H, Nuclear translocation of p-65 of the NF-B complex. Cells were exposed to C. parvum for 2 h followed by immunofluorescent staining using a mAb against p-65 and a polyclonal Ab to C. parvum. Nuclear translocation of p-65 was found in directly infected cells (p-65 in green, nuclear translocation indicated by asterisks; C. parvum in red by arrowheads in B), but not in bystander noninfected cells. No nuclear translocation of p-65 was found in both directly infected (asterisks in C-E) and nondirectly infected cells in the TLR2-DN-, TLR4-DN-, and MyD88-DN-transfected cells. Whereas nuclear translocation of p-65 was found in infected cells transfected with a scrambled siRNA (F), it was absent in directly infected cells (G) transfected with Cy3-tagged TLR4-siRNA. G and I show merged images of the DAPI and Cy3 channels of the same field in F and H, respectively. C. parvum was identified with DAPI staining of its nucleus in blue (arrowheads in G and I). detected in cells after exposure to C. parvum. C. parvum-induced HBD-2 mRNA expression was significantly reduced in cells transfected with TLR2-DN, TLR4-DN, and MyD88-DN (Fig. 8A) . Inhibition of NF-B by SN50 and MG-132 also diminished C. parvum-induced HBD-2 mRNA expression in cholangiocytes (Fig. 8,  A and B) . Consistent with mRNA expression of HBD-2, expression of HBD-2 peptide was detected in infected cholangiocyte culture by Western blotting (Fig. 8C) . A low expression of HBD-2 peptide was detected in the sham-infected cells, and strong expression was found in cells exposed to the parasite. A decreased expression of HBD-2 was found in cells transfected with TLR2-DN, TLR4-DN, and MyD88-DN after exposure to C. parvum. To further clarify the relationship between NF-B activation and HBD-2 expression induced by C. parvum, we measured HBD-2 expression in C. parvum-infected cells by immunofluorescent microscopy. Consistent with nuclear translocation of NF-B in directly infected cells, expression of HBD-2 was found only in cells directly infected by the parasite not in bystander noninfected cells (Fig. 8D) . No obvious HBD-2 expression was found in both directly infected and uninfected cells transfected with TLR2-DN, TLR4-DN, and MyD88-DN, or cells treated with NF-B inhibitors (data not shown).
Expression of MyD88-DN in cultured cholangiocytes hampers epithelial defense against C. parvum infection
To test whether TLRs and TLR-associated signals are involved in cholangiocyte defense responses against C. parvum infection, we assessed the number of parasites detected over time in H69 cells stably transfected with a control empty vector or MyD88-DN. After incubation with an equal number of C. parvum sporozoites for 2 h, cells were washed with culture medium to remove nonattached and noninternalized parasites and were then further cultured for up to 96 h. We then isolated RNA from the cells to measure C. parvum infection in cells by quantitative RT-PCR using C. parvumspecific primers. We found that the number of C. parvum detected in cells transfected with the control vector gradually but consistently declined over time (Fig. 9, u) , consistent with previous studies (23) . We also detected a significantly higher number of parasites in MyD88-deficient cells than in cells transfected with the control vector at 48, 72, and 96 h after initial infection (Fig. 9, f) . Although other interpretations are possible, these data suggest that cholangiocytes exhibit innate epithelial defense responses to inhibit C. parvum infection, and that MyD88 functional inhibition in cholangiocytes hampers this epithelial defense against C. parvum.
Discussion
In the work described in this study, we demonstrated that normal human cholangiocytes in vivo and in culture express all known TLRs. Moreover, C. parvum infection of human cholangiocytes in culture induces the recruitment of TLR2 and TLR4, but not other TLRs, to the infection sites. However, whereas neither TLR2 nor TLR4 appears necessary for C. parvum attachment to or invasion of cholangiocytes in vitro, the parasite activates several downstream effectors of TLR2 and TLR4. More specifically, TLR2-and TLR4-induced signaling is required for the activation of NF-B induced by C. parvum in directly infected cells. More importantly, a TLR2-and TLR4-dependent and NF-B-associated induction of HBD-2, but not HBD-1 and HBD-3, was found in C. parvum directly infected cells. MyD88-deficient cells are more susceptible to C. parvum infection in vitro. These findings demonstrate that cholangiocytes express a variety of TLRs, and TLR2 and TLR4 mediate cholangiocyte defense responses to C. parvum via activation of NF-B.
The family of TLRs plays a key role in controlling innate immune responses. Recent studies revealed a broad and regulated expression of TLRs in human tissues. Most tissues express at least one TLR, whereas phagocytes and B cells in particular show abundant and constitutive expression of all known TLRs (33) (34) (35) (36) . Intestinal epithelial cells normally express very low levels of TLRs such as TLR2 and TLR4 (37, 38) . In contrast, TLR5 is expressed exclusively on the basolateral surface of the intestinal epithelial cells (39) . The characteristic of TLR expression in intestinal epithelial cells, which are consistently exposed to microbiota including commensal bacteria in the intestine, may explain why the commensal bacteria usually do not induce inflammatory responses (38, 40) . Although human bile is sterile under physiological conditions, duodenal microorganisms are believed to be a major source of bacterial infection in several biliary diseases. In particular, enteric bacteria, demonstrable in bile, may be responsible for chronic proliferative cholangitis associated with hepatolithiasis (41). Nevertheless, whereas expression of TLR2-5 was recently shown in normal murine cholangiocytes and in several human cholangiocarcinoma cell lines (42) , expression of TLRs in the normal human liver, particularly in cholangiocytes, has never been systemically examined. Extensive expression and cellular distribution of multiple TLRs in human cholangiocytes, as suggested by our results, indicated that TLRs may play a key role in cholangiocyte innate immune responses. These TLRs participate in a complex patternrecognition system (15) and, therefore, provide cholangiocytes the capacity to quickly recognize and respond to microorganisms in the bile, initiating the first defense machinery in the biliary tree to keep the bile sterile and maintain the integrity of the biliary epithelial barrier.
TLRs participate in epithelial immune responses to a variety of invading pathogens including parasites, such as Trypanosoma cruzi, malaria parasites, and Leishmania (43) (44) (45) (46) . Whether TLRs also play a role in C. parvum infection of any epithelia is unclear. C. parvum sporozoites attach to and invade host cells, resulting in the formation of a parasitophorous vacuole via a host-cell actindependent mechanism (23, (47) (48) (49) . We previously showed that a variety of host-cell membrane-associated kinases, e.g., c-Src and PI3K, and actin-associated proteins, e.g., cortactin, and Arp2/3 complex, are recruited to the infection sites and induce actin remodeling and facilitate parasite invasion of host epithelial cells (10, 23, 29, 30) . TLR4 has been reported as a coreceptor for E. coli P fimbriae attachment to host epithelial cells (50) . In this study, we found that TLR2 and TLR4, but not other TLRs, are recruited to the infection sites. However, C. parvum attachment to and invasion of cholangiocytes seems independent of TLRs, because DN mutation of TLR2 and TLR4 did not affect parasite attachment and invasion. Instead, we identified that a set of downstream effectors of TLR2 and TLR4 are activated in cholangiocytes during C. parvum infection, suggesting that parasite host-cell interactions may trigger cholangiocyte reactivity in response to C. parvum via activation of TLR2-and TLR4-mediated intracellular signaling pathways.
The signaling events following ligation of different TLRs involve the activation of a common set of adaptor proteins (e.g., MyD88) and protein kinases (15, 16) . Activation of IRAK, an immediate downstream kinase to MyD88, was detected in cholangiocytes upon C. parvum infection. Downstream effectors of IRAK in epithelia include p-38, JNK, ERK1/2, and IB kinase (15, 16) . Phosphorylation of p-38, but not JNK and ERK1/2, and activation of the NF-B signaling pathway were found in cells exposed to C. parvum, suggesting a differential activation of downstream effectors of IRAK in cholangiocytes during C. parvum infection, similar to results of previous studies in respiratory epithelial cells during Pneumocystis infection (51) or Pseudomonas aeruginosa flagella activation (52) . We showed previously that C. parvum activates the NF-B system via degradation of IB␣ in directly infected epithelial cells resulting in host-cell secretion of associated gene products (e.g., IL-8) (12) . In this study, we found that C. parvum-induced degradation of IB␣ was blocked in cells transfected with TLR2-DN, TLR4-DN, and MyD88-DN. Nuclear translocation of p-65 was inhibited by transfection of cells with TLR2-DN, TLR4-DN, and MyD88-DN. Activation of NF-B by C. parvum was also inhibited by specific siRNAs to TLR2, TLR4, and MyD88. Consequently, IL-8 release from cholangiocytes upon C. parvum infection was inhibited. Moreover, our data suggest that both TLR2 and TLR4 contribute to C. parvum-induced NF-B activation, because neither TLR2-DN nor TLR4-DN alone could completely block induced NF-B activation and IL-8 release, whereas transfection with a DN mutant of their common adaptor protein MyD88 completely inhibited NF-B activation. Taken together, these data indicate the following: 1) that C. parvum activates TLR2-and TLR4-dependent signal pathways in infected cholangiocytes; and 2) that both TLR2 and TLR4 are involved in activation of the NF-B signaling pathway in directly infected cholangiocytes in which the adaptor protein MyD88 plays an essential role. Whether host-cell endosomes and intracellular pattern recognition receptors, such as nucleotide-binding oligomerization domain 1 (NOD1) and NOD2 (53, 54) , also play a role in host-cell activation by C. parvum is unclear. Whether C. parvum expresses FIGURE 9. Transfection of cholangiocytes with MyD88-DN hampers epithelial defense against C. parvum infection. H69 cells stably transfected with a control empty vector or MyD88-DN construct were exposed to an equal number of C. parvum for 2 h followed by extensive washing and continued culture. A significantly greater number of parasites were detected in MyD88 functionally deficient cells compared with the control cells after exposure to C. parvum for 48 -96 h. Quantitative PCR was performed using a LightCycler, and data were expressed as copies of C. parvum 18s vs total 18s.
TLR ligands such as LPS and peptidoglycans (55) and why direct parasite-host-cell interactions are required for TLR activation need further investigation.
HBDs are key elements of the innate immune system against invading pathogens in both respiratory and gastrointestinal epithelial cells (17) . Whereas HBD-1 is extensively expressed in these epithelia under physiological conditions, HBD-2 expression is induced by exposure to microbes or cytokines, such as TNF-␣ (17) (18) (19) (20) . A constitutive expression of HBD-1 and LPS-induced expression of HBD-2 has also been reported in human cholangiocytes (41) . The NF-B signaling pathway has been implicated in the expression of HBD-2 in response to various stimuli (56, 57) . Whereas TLR signaling-associated HBD-2 expression has been demonstrated in tracheobronchial and intestinal epithelial cells (21, 22) , the role of TLRs in microbial-induced HBD expression in cholangiocytes has not been fully characterized. In this study, we provide substantial evidence supporting the notion that C. parvum induces expression of HBD-2 in cholangiocytes via TLR-mediated NF-B activation. First, TLR2 and TLR4 are recruited to the parasite attachment sites. Secondly, TLR2 and TLR4 are associated with activation of the NF-B signaling pathway induced by C. parvum, and both nuclear translocation of NF-B and expression of HBD-2 are limited to directly infected cells. More importantly, DN mutants of TLR2, TLR4, and MyD88, or inhibition of NF-B by specific inhibitors block C. parvum-induced HBD-2 expression. Both HBD-1 and HBD-2 have anti-C. parvum activity, as evidenced by a decrease of C. parvum sporozoite viability after incubation with recombinant HBD-1 or HBD-2 (14) . Indeed, we detected a significantly higher number of parasites in cells transfected with MyD88-DN than in the control cells at 48 -96 h after initial exposure to an equal number of parasites. Besides HBD-1, a constitutive expression of HBD-3 was also detected in both C. parvum-infected and sham-infected cultured cholangiocytes, suggesting that both HBD-1 and HBD-3 may play a general antimicrobial role in the defense of the biliary system, similar to that documented in other epithelia (58) . In contrast, TLR-induced expression of HBD-2, as demonstrated by our results, may provide epithelial cells (e.g., cholangiocytes) a critical local defense response against microbial infection.
In conclusion, our study demonstrated that human cholangiocytes normally express TLR1-10. Using an in vitro model of biliary cryptosporidiosis, we found that C. parvum recruits TLR2 and TLR4, but not other analyzed TLRs, to the host-cell-parasite interface, an event that results in activation of NF-B thus triggering host-cell responses such as cytokine/chemokine release and HBD expression. Future studies should define the molecular mechanisms by which C. parvum activates host-cell TLRs and investigate the potential synergistic effects of C. parvum and other pathogen (e.g., HIV-1) infection in the pathogenesis of biliary disease via the TLR pathways.
